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S1.1. Nucleobase Model:
The damaged ALII-N 2 -G nucleobase was built by adding the ALII moiety formed from AAII to the N2 positon of guanine. Subsequently, the preferred orientation of the ALII moiety with respect to guanine was considered, which depends on rotation about θ (∠(N1C2N2C10)) and ϕ (∠ (C6N6C10C11), Figure 1c ). Specifically, a two-dimensional potential energy surface (PES) was generated using constrained B3LYP/6-31G(d) optimizations with θ and ϕ fixed in 10˚ increments from 0˚ to 360˚.
Subsequently, the minima identified on the surface were fully optimized using the dispersion-corrected B3LYP-D3 functional in combination with 6-31G(d). Although other approaches for including dispersion corrections in DFT functionals are available in the literature (1) (2) (3) , the inclusion of the empirical dispersion correction using the DFT-D3 approach has been shown to perform reasonably well for systems where noncovalent interactions are important (4) . Since a previous study on the S66 and S66x8 datasets of noncovalent interactions indicate that adding the dispersion correction strongly diminishes the performance differences between functionals (5), we chose the B3LYP-D3 functional in the present work in order to allow meaningful comparisons with the structures reported using the same functional in our previous study on the AL-N 6 -dA adducts (6) . Single-point energy calculations were performed using B3LYP-D3 and the larger 6-311+G(2df,p) basis set to obtain more accurate relative energies. The choice of the 6-31G(d) basis set for the geometry optimizations and the 6-311+G(2df,p) basis set for single-point calculations is justified based on our previous studies on DNA adducts (7-10).
S1.2 Nucleoside Model:
The damaged ALII-N 2 -dG nucleoside was built by adding 2-deoxyribose with the C2-endo puckering to the lowest energy nucleobase conformation. This build-up approach for the DFT conformational scans has been validated in our previous combined experimental and computational studies on phenolic DNA adducts (9) , where spectroscopic data matches the results obtained from our DFT calculations. The ε dihedral angle (∠(C4′C3′O3′H5′), Figure 1c ) was initially set to approximately 180˚, which is the average value obtained from previous molecular dynamics (MD) simulations on the Dickerson-Drew dodecamer (11) . The B3LYP/6-31G(d) PES of the nucleoside adduct was mapped as a function of θ and χ (∠(O4′C1′N9C4), Figure 1c ) using constrained optimizations and 10˚ increments from 0˚ to 360˚. The minima on the surface were then fully optimized with B3LYP-D3/6-31G(d), while B3LYP-D3/6-311+G(2df,p) was used to obtain more accurate relative energies. Subsequently, the lowest energy anti and syn conformations were fully optimized with constraints on β (∠(C4′N5′O5′H) = 180˚, Figure 1c ) and ε (∠(C4′C3′O3′H) = 270˚), which prevent superficial interactions between the 5 and 3-OH of the sugar and the nucleobase or AL moiety in order to better mimic damage at a non-terminal position.
S1.3 Nucleotide Model:
The ALII-N 2 -dG nucleotide was built by adding a 5′-monophosphate unit to the lowest energy anti and syn conformers of the constrained nucleoside model. According to a previous study (8) , the structural properties of modified nucleotides are best characterized in solvent (water) with a sodium ion to counter the phosphate charge. Thus, the ALII-N 2 -G nucleotide was optimized in water (ϵ = 78.4) using PCM-B3LYP-D3/6-31G(d) and single-point calculations were performed with PCM-B3LYP-D3/6-311+G(2df,p).
Coordinates of the nucleobase minima, and the lowest energy anti and syn minima for the nucleoside, constrained nucleoside and nucleotide models, are provided in Tables S5-S12. All reported (B3LYP-D3) relative energies include a scaled (0.9806) zero-point vibrational energy correction. All quantum mechanical calculations were performed using Gaussian 09 (Revision C.01 or D.01) (12, 13) . To analyze the preferred conformations of ALII-N   2   -dG adducted DNA, ALII-N   2 -dG was incorporated into the 5-CGTACXCATGC 11-mer DNA sequence (X = adduct; Figure S5 ) previously used to experimentally and computationally analyze the ALI-N 6 -dA (6) and ALII-N 6 -dA (6, 14) adenine adducts. The B-form of the DNA was initially built using the NAB module of AMBER 11 (15) . The guanine at position X was modified by adding the ALII moiety to the N2 position using GaussView (16). The damaged base was paired against complementary C. Partial charges for the modified ALII-N 2 -dG bases were calculated using the RED.v.III.4 program (17) and ANTECHAMBER 1.4 was used to assign atom types (Table S13 ). The parambsc0 (18) modification to the parm99 (19) force field was used to simulate the natural and adducted nucleotides, while additional parameters for the N2-moiety of the adducted nucleotides were taken from the General Amber Force Field (GAFF) (20). The DNA strand was neutralized with 20 sodium ions and subsequently solvated in an 8 Å octahedral box of TIP3P water (21). Although improved force field parameters for monovalent ions are available (22), simulations at low ion concentrations or at near physiological conditions are shown to be robust regardless of the ion model implemented (22). Thus, we used the parm94 parameters for sodium ions in this work, which are the default choice in AMBER 11 or 12. The system was initially minimized using 500 steps of steepest descent followed by 500 steps of conjugate gradient minimization, with a 500 kcal mol -1 Å -2 restraint on DNA. Subsequently, an unrestrained minimization was performed using 1000 steps of the steepest descent method followed by 1500 steps of the conjugate gradient method. The system was then heated to 300 K with DNA restrained using a force constant of 10 kcal mol -1 Å -2 and a 20 ps constant volume MD simulation was performed.
S1.4 DNA Model:
Starting structures were generated by first incorporating the adduct into DNA in the lowest energy anti and syn orientations obtained from the nucleotide model, while avoiding steric clashes with the surrounding nucleotides. Since the lowest energy structure with θ ~ 180˚ did not form an intercalated conformation, the next lowest energy θ ~ 0˚ structure was used to build the initial adducted DNA models. Furthermore, to adequately sample the conformational space of the adducted DNA, trial simulations were carried out with various starting structures, which cover all possible locations of the bulky moiety in the helical environment. Specifically, simulations were started with the ALII moiety located in the major groove (with the syn adduct orientation), minor groove (with the anti adduct orientation) and intercalated into the helix (with both the anti and syn adduct orientations). Furthermore, three types of intercalated structures were considered, which differ in the orientation of the ALII moiety with respect to the damaged guanine. In these structures, the ALII moiety was allowed to intercalate either from the 5' or 3' side of the damaged guanine. The third type of intercalated conformer was considered for both the anti and syn orientations of the adducted nucleoside, which involved intercalation of the ALII moiety with displacement of the cytosine opposing the damaged guanine (the base-displaced intercalated conformer). In the simulated structures, it was ensured that the Watson-Crick hydrogen bonds between both terminal base pairs were persistent in order to allow meaningful comparisons of the relative stabilities of different conformations using free energy calculations. In cases where more than one starting structure reverted to the same conformation after simulation or the desired optimal location of the bulky moiety was not achieved, new starting structures were built and simulated. This procedure was repeated until no new structures were obtained. Overall, ~30 trial simulations were carried out in order to identify stable structures corresponding to each conformational theme reported in this work. These stable structures were then used for the production simulations. We note that, despite carrying out a number S4 of trial simulations with different starting structures, stable major groove, anti 5'-intercalated and syn 3'-intercalated conformations could not be located for ALII-N 2 -dG adducted DNA. Furthermore, each simulated conformation remains stable over the duration of our (20 or 120 ns) MD simulations, and no interconversions between conformations are observed.
Final production simulations were subsequently initiated from representative conformations obtained from our trial simulations for 20 ns using the PMEMD (23) module of AMBER 11 (15) or AMBER 12 (24) . To analyze the structural features at the lesion site for each distinct conformation of adducted DNA, base step parameters were calculated using a pseudostep consisting of the base pairs 5 and 3 with respect to the lesion. A pseudostep was used for analysis since the disrupted ALII-N 2 -dA:G pair cannot be used to calculate the step parameters at the lesion site due to intercalation of the AL moiety. The van der Waals component of the stacking interaction energy between the damaged guanine and the neighboring bases (including the flanking base pairs and the opposing base) was calculated in order to estimate the differences in stacking interactions between the adducted DNA conformations. Although we acknowledge that the electrostatic component also contributes to stacking (although in relatively smaller proportion compared to the van der Waals component), we chose to report only the van der Waals component since some of the conformations involved hydrogen bonding (which is mainly an electrostatic interaction) between the damaged pair in addition to stacking (which is predominantly a van der Waals interaction), while other conformations did not exhibit such hydrogen bonding. Since we wanted to quantify the stacking interactions at the lesion site separately from hydrogen bonding, we found considering only the van der Waals component of the interaction to be the best approach.
Due to our extensive process for selecting initial structures for the production simulations described above, the structural parameters of each distinct conformation obtained from independent 20 ns simulations are sufficiently converged. This was verified by extending each simulation to 120 ns. Specifically, the average and standard deviation in the RMSD of the trimer containing the lesion pair (Table  S2) , as well as key structural parameters (Table S3) , do not change significantly upon extending the simulations. Thus, we focus our analysis on the first 20 ns of the production MD simulations on AL-N 2 -dG adducted DNA. Free energy calculations were performed on each simulation using the MM-PBSA (Molecular Mechanics-Poisson Boltzmann surface area) method and snapshots at 50 ps intervals (400 frames in total). The entropy term was calculated using normal mode analysis. Although free energy methods that are theoretically more rigorous than end-point free energy methods such as the MM-PBSA method have been used in the literature (25,26), a previous study has shown that DNA conformational free energy differences obtained using the MM-PBSA approach are in close agreement with the potentials of mean force determined using the more rigorous umbrella sampling approach (27). Moreover, MM-PBSA has been the most commonly used method in previous studies of damaged DNA (28-31). Thus, we chose the MM-PBSA method in the present work in order to allow meaningful comparisons of the structural properties of AL-N 2 -dG adducted DNA with our previous study on AL-N 6 -dA adducted DNA (6).
S2. Detailed Structural and Free Energy Analysis:
S2.1 Nucleobase Model: To determine the preferred relative orientation of the ALII and guanine moieties, the structure of the ALII-N Upon full optimization of all minima identified on the PES (Figure S1b ), the two minima with θ ~ 20˚ or 340˚ (ϕ ~ 260˚ or 100˚) become isoenergetic and constitute the global minimum. These structures contain a twist about the ϕ-linkage, which alleviates steric interactions between the guanine and bulky moieties. On the other hand, two higher energy minima at θ ~ 170˚ or 190˚ (ϕ ~ 50˚ or 310˚) are stabilized by a hydrogen bond between N-H in ring III (Figure 1c ) of the AL moiety and N3 of guanine, and are ~ 6 kJ mol -1 higher in energy than the global minimum.
S2.2 Nucleoside Model:
To determine the (anti/syn) conformational flexibility about the glycosidic bond, the ALII-N 2 -dG PES surface was plotted as a function of χ and θ ( Figure S2a ). Overall, seven minima were located on the PES, which were then fully optimized ( Figure S3 ). Since the nucleobase model indicates that two isoenergetic orientations are possible about ϕ for a given , all minima on the nucleoside surface were optimized with both initial ϕ orientations. As a result, 13 minima were fully optimized for the ALII- For the lowest energy anti and syn nucleoside structures, either the 3-OH or 5-OH of the sugar interacts with the guanine or bulky moiety. In the case of damage to a non-terminal helical position, the hydrogen atoms of these hydroxyl groups are replaced by phosphate groups. Hence, to make our model relevant to other helical positions, the hydroxyl groups were constrained away from the nucleobase (β ((C4N5O5H5)) = 180˚ and ε ((C4C3O3H)) = 270˚; Figure 1c ), and the nucleoside minima were reoptimized. In the resulting structures ( Figures S4a and b) , the anti conformation is ~ 7 kJ mol -1 more stable than the syn conformer, which can be attributed to reduced steric interactions between the guanine and bulky moieties in the anti conformer.
S2.3 Nucleotide Model:
To determine the effect of the phosphate backbone on the anti/syn stability, a 5-phosphate group neutralized by a sodium ion was added to the lowest energy anti and syn conformers of the constrained nucleoside model. Similar to the nonterminal nucleoside model, the anti nucleotide is more stable than the syn conformer ( Figures S4c and d) . However, when the phosphate group is added, the anti/syn energy difference increases to ~ 27 kJ mol -1 .
S2.4 DNA Model:
Six distinct conformers of ALII-N 2 -dG adducted DNA were isolated from MD simulations ( Figure 3a) . Specifically, the (anti and syn) base displaced intercalated, the (syn) 5-base intercalated, the (anti) 3-base intercalated, (anti) minor groove and the (syn) 3, 5-base intercalated conformations were characterized. Key structural features of each conformation are highlighted below (references to the (3′ and 5′) nucleotide positions of flanking bases are made with respect to the adducted nucleotide) mainly S6 in terms of changes with respect to unmodified DNA in the pseudostep parameters (calculated using the pseudostep consisting of the 5 and 3 ̶ base pairs with respect to the lesion) and changes in the minor groove dimensions (calculated as the distance between the phosphate atom in residues 7 and 20; see Figure S5 for residue numbering).
S2.4.1 The anti base-displaced intercalated conformer:
In the anti base-displaced intercalated conformer, the ALII moiety stacks between the 5′-flanking base pair and the 3′-guanine in the opposing strand ( Figure  3a) . However, owing to the twist at the guanine-ALII linkage, accommodation of the ALII moiety in the helix disrupts the stacking between the damaged guanine moiety and its 5′-cytosine such that the guanine moiety only stacks with the 3′-cytosine. Despite an extrahelical location and loss of hydrogen bonding with the damaged G, the opposing cytosine remains in an anti orientation (χ ~ 220˚). All three WatsonCrick (WC) hydrogen bonds are maintained in the 5-base pair with respect to the lesion. However, the hydrogen bonding in the 3-base pair is partially disrupted due to the twist at the carcinogen-purine linkage (Table S4) . Although the minor groove dimensions of this conformation differ very little (0.5 Å) from natural DNA, there are marked changes in the roll (~ 26˚) and twist (~ 11˚) at the lesion site ( Figure  4 ).
S2.4.2 The syn base-displaced intercalated conformer:
In the syn base-displaced intercalated conformer, the syn damaged guanine is displaced into the minor groove. The damaged base retains stacking interactions with the 3′-flanking pair, while stacking with the 5-flanking base pair is completely disrupted. In contrast, the ALII moiety stacks only with the 5-flanking base pair at the lesion site ( Figure  3a ). The cytosine opposing the lesion becomes extrahelical while maintaining an anti orientation. Although the hydrogen bonding in the lesion pair is completely disrupted, the 5 and 3-base pairs remain intact (~ 100% occupancy; Table S4 ). This conformation yields the greatest change in the slide (6 Å) relative to the natural helix compared to all other conformers. In addition, this conformation is characterized by significant changes in the shift (3 Å) and minor groove dimensions (3 Å) compared to natural DNA ( Figure  4 ).
S2.4.3 The syn 5-intercalated conformer:
In the syn 5-intercalated conformer, the ALII moiety stacks between the opposing cytosine and the 5-flanking pair (Figure 3a) . However, due to twisting at the guanine-ALII linkage, the stacking interactions involving the damaged guanine are diminished with its 3-flanking base, and are completely lost with its 5′-flanking base. However, WC hydrogen bonding is maintained in both the 5 and 3-flanking base pairs (~ 100% occupancy; Table S4 ). Additionally, one of the hydrogen bonds between the damaged G and the opposing cytosine (N1-H1 (G6)•••N3 (C17)) remains for ~ 83% of the simulation time. However, the simultaneous accommodation of the ALII moiety and opposing cytosine within the helix results in significant changes in the slide (~ 5 Å) and rise (~ 4 Å) compared to natural DNA. Although the change in roll is smaller compared to the anti base displaced intercalated conformer, the syn 5′-intercalated structure has more pronounced duplex untwisting (27˚) and minor groove enlargement (4 Å) at the lesion site (Figure 4 ).
S2.4.4 The anti 3-intercalated conformer:
In the anti 3-intercalated conformer, the ALII moiety stacks between the cytosine opposing the lesion and the 3-flanking base pair (Figure 3a) . Uniquely, the damaged guanine moiety twists to become parallel to the helical axis, and therefore is fully located in the S7 minor groove. This disrupts stacking interactions between the damaged G and both the 5 and 3-flanking bases. Nevertheless, WC hydrogen bonding is maintained in both the 5 and 3 ̶ base pairs (~ 100% occupancy; Table S4 ). Additionally, one hydrogen bond (N4-H41 (C17)•••O6 (G6)) is maintained in the lesion pair (~ 95% occupancy; Table S4 ). Changes in the stacking pattern at the lesion site result in significant deviations in the slide (1.7 Å) and rise (2.7 Å) compared to natural DNA (Figure 4) . However, the most significant structural deviation in this conformer is the minor groove width (6 Å), which is greater than for any other conformer. The minor groove enlargement is also accompanied by significant increases in the roll (27˚) and duplex untwisting (17˚; Figure 4 ).
S2.4.5 The anti minor groove stacked conformer:
The minor groove stacked conformer differs from all other adducted DNA conformers since the ALII moiety does not intercalate into the helix. Instead, the bulky moiety is fully located in the minor groove, with the carbocyclic rings directed toward the 5-end of the damaged strand. In this position, both the ALII moiety and the cytosine opposing the lesion become parallel to the helical axis, which permits π-π interactions between the two moieties ( Figure 3a) . Nevertheless, the damaged guanine remains in the helix, stacks with the 5 and 3-base pairs, and maintains one (N4-H42 (C17)•••O6 (G6)) hydrogen bond with the opposing cytosine (~ 89% occupancy). In addition, the hydrogen bonding in the 5 and 3-base pairs remains intact (Table S4 ). Since the bulky moiety stacks in the minor groove, this conformation exhibits a significant increase in the minor groove dimension (4.2 Å; Figure 4 ). Despite noticeable duplex untwisting (14˚) and change in the slide (2 Å) with respect to the natural duplex, changes in other lesion site parameters are smaller compared to the other adducted DNA conformers.
S2.4.6 The syn 3,5 ̶ intercalated conformer:
The syn 3,5-intercalated conformer is a particularly unique conformation since the ALII moiety is completely intercalated into the helix, and simultaneously stacks with the cytosine opposing the lesion, the 5-base pair and the 3-base pair. The damaged base is displaced into the minor groove and hence loses stacking contacts with both flanking base pairs ( Figure  3a) . Nevertheless, the damaged base forms a (O6 (G6)•••N4-H42 (C17)) hydrogen bond with the opposing base. Additional hydrogen bonds are observed between the cytosine opposing the lesion and the 3-cytosine (O2 (C7)•••H41-N4 (C17), with ~ 80% occupancy; Table S4 ). This conformer is characterized by marked changes in the shift (3 Å), tilt (8˚) and twist (13˚) at the lesion site compared to natural DNA ( Figure 4) ; however, changes in other helical parameters are less pronounced compared to the other adducted DNA conformers.
S2.4.7 Free Energy Analysis for the ALII-N 2
-dG adducted DNA conformers: All conformers described above lie very close in energy (within 21 kJ mol -1 , Figure 3 ). This can be explained by the effects of mutually compensating interactions, namely the van der Waals (stacking), (repulsive) steric and hydrogen-bonding interactions in the trimer of the base pairs about the damaged base. Specifically, the anti base-displaced intercalated conformer of ALII-N 2 -dG adducted DNA has significant lesion site stacking due to the intercalation of the ALII moiety into the helix. However, since the canonical rise is maintained, the twist at the carcinogen-purine linkage decreases hydrogen bonding in the 3-flanking pair because of the displaced damaged G. In contrast, although the canonical rise is also maintained in the syn base-displaced intercalated conformer, lesion site stacking decreases since the adduct is not as well accommodated in the helix (i.e., the damaged G and bulky moiety are more displaced towards the minor groove). Therefore, S8 the hydrogen bonds are maintained in the 5 and 3-flanking pairs, which compensates for the loss in stacking. For the anti 3-intercalated and the minor groove stacked conformers, the bulky moiety is not well stacked in the helix. However, the twist at the carcinogen-purine linkage displaces the damaged guanine or ALII moiety into the minor groove, respectively, which relieves steric repulsion with the flanking bases. The hydrogen-bonding interactions in the flanking pairs, as well as the one hydrogen bond at the lesion site (Table S4) , compensate for the decreased stacking interactions. Although the syn 5-intercalated conformer has significant stacking with the bulky moiety, the rise increases, which maintains hydrogen bonds in the 3 and 5 ̶ base pairs and one hydrogen bond at the lesion site (Table S4) . However, the twist introduces unfavorable steric interactions between the damaged guanine and the 3-flanking base pair and the 5 ̶ base. Finally, despite significant stacking, the syn 3,5 ̶ intercalated conformer is destabilised by repulsive interactions involving the C opposing the lesion due to maintenance of the canonical rise. Although this provides a qualitative explanation for the close energetic separation between all six adducted DNA conformers, other factors are likely also important in dictating the final energy rankings, such as differences in the hydration at the lesion site.
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Dupradeau,F.-Y., Pigache,A., Zaffran,T., Savineau,C., Lelong,R., Grivel,N., Lelong,D., Rosanski,W. a The pseudostep parameters were calculated using a pseudostep consisting of the base pairs 5 and 3 with respect to the lesion. The minor groove dimensions were calculated as the distance between the phosphate atom in residues 7 and 20 ( Figure S5 ).
c The first number is the average value for each parameter and the standard deviations are given in parentheses. Table S7 : Cartesian coordinates of the nucleoside minimum for the ALII-N 2 -dG adduct with χ = 57.9 ˚, θ = 336.1˚ and ϕ = 255.7˚.
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Calculated energy (in Hartrees) = -1857.99374214 Table S8 : Cartesian coordinates of the nucleoside minimum for the ALII-N 2 -dG adduct with χ = 203.0 ˚, θ = 188.6˚ and ϕ = 318.5˚. Table S13 : Mol2 file of the ALII-N 2 -dG adduct generated using the RED program (atom numbering provided in the figure below). 

